The developed standard generates a complete Stokes reference vector and it is applied for the end-to-end absolute calibration of a fully polarimetric microwave radiometer at 36.5 GHz. The FPCS is based on the function principle of a Gasiewski-Kunkee linearly polarized (tripolarimetric) standard, with an additional phase retardation plate to generate the fourth Stokes parameter. Design considerations and operational aspects of the standard are discussed in this paper. An advanced calibration procedure, which takes advantage of both the tripolarimetric and fully polarimetric calibration scenes to suppress calibration uncertainties, is introduced. The feasibility of the standard has been verified and the generated brightness temperatures in a sample calibration are presented. An extensive set of tests has been performed to evaluate the characteristics and performance of the calibration standard. Furthermore, the use of the advanced calibration procedure to measure the characteristics of the phase retardation plate has been successfully demonstrated. The achievable calibration accuracy is analyzed and discussed relative to requirements for maritime wind vector measurements; the results indicate that the pixel-to-pixel retrieval of the wind speed is possible with high accuracy and the retrieval of the wind direction with at least moderate accuracy. In addition to calibration of a fully polarimetric radiometer, other potential applications, e.g., linearity measurements, are discussed.
I. INTRODUCTION

D
URING THE LAST decade there has been an increasing interest in passive polarimetric microwave remote sensing. The polarimetric technique is based upon the detection of additional Stokes parameters beyond conventional vertical and horizontal polarizations. Using modified Stokes parameters [1] , which are commonly used to characterize radiation components in remote sensing applications, the first and second parameter describe, respectively, the vertically and horizontally polarized brightness temperatures, whereas the third and fourth Stokes parameters describe, respectively, linearly and circularly polarized components. One of the most promising applications of polarimetric microwave remote sensing is to retrieve both speed and direction components of maritime surface winds (e.g., see [2] - [5] ). Compared to the fourth Stokes parameter, so far the use of the third Stokes parameter has been studied more extensively. However, some radiometer measurements of the fourth Stokes parameter have been carried out [3] , [5] . The measurement of the fourth Stokes parameter is potentially beneficial for various remote sensing applications, including the vertical sounding of the mesosphere [6] and the retrieval of maritime wind vectors [3] , [5] . Polarimetric wind vector measurements from satellite would also benefit from the immunity of the fourth Stokes parameter to Faraday rotation.
Helsinki University of Technology (HUT), Laboratory of Space Technology has developed a multichannel airborne radiometer system HUTRAD [7] , which includes a direct correlating Fully Polarimetric Radiometer at 36.5 GHz [8] .
Analog correlators are applied to directly correlate the orthogonally polarized field components in-phase and quadrature to measure the third and fourth Stokes parameters, respectively [9] . Compared to a nonpolarimetric radiometer, an accurate absolute calibration of such a polarimetric radiometer requires some additional hardware beyond the conventional two-point blackbody calibration targets [10] .
This paper presents the HUT Fully Polarimetric Calibration Standard (FPCS), which was developed to provide an external end-to-end absolute calibration for the Fully Polarimetric Radiometer. Comprehensive tests are also included to accurately define the parameters of the device. We note that a similar fully polarimetric calibration standard was also developed at the U.S. National Oceanic and Atmospheric Administration's Environmental Technology Laboratory (NOAA/ETL) [10] . However, different requirements set for the FPCS and the partly experimental nature of the NOAA standard led to substantial differences between these two standards, both in design and characteristics. The differences in the design requirements included, e.g., frequency, aperture size, the pointing angle of the antenna, the minimum number of operating personnel, and calibration accuracy.
The FPCS was introduced in [11] . This paper presents a detailed description of the device, its use, and characteristics. We begin with a description of the hardware in Section II. The calibration procedure is presented in Section III, and calibration algorithms and associated error analysis are discussed. Section IV describes the laboratory demonstration and the measurements used to determine the characteristics of the standard; calibration uncertainties and the feasibility of the system for polarimetric 0196 wind vector radiometry are also studied. Conclusions are presented in Section V.
II. EQUIPMENT
The HUT Fully Polarimetric Radiometer [8] was developed primarily for airborne measurements but can also be used for ground-based and laboratory measurements. To calibrate the instrument, the FPCS is applied prior to and after a measurement (flight). The radiometer applies Dicke switching and long-term gain variations could therefore lead to significant measurement errors during a typical calibration interval of two to three hours. As a result of efficient temperature stabilization and the careful design of the receiver, however, the radiometer has been shown to have excellent stability over comparable time scales [8] ; no calibration during a measurement (flight) is thus necessary.
A schematic diagram of the FPCS is illustrated in Fig. 1 . Two blackbody targets at different physical temperatures and a freestanding wire-grid polarizer form a linearly polarized standard, similar to [12] . By rotating the linearly polarized standard over angle about the antenna polarization basis, a variety of orthogonally and linearly polarized reference brightness temperatures are generated. It is defined that when the wire orientation of the grid is parallel with the vertical axis of the antenna. An additional retardation plate transforms a part of the linearly polarized reference signal (third Stokes parameter) into a circularly polarized signal (fourth Stokes parameter) when positioned in the RF path between the linearly polarized standard and the radiometer antenna. A thorough analysis of the function principle of fully polarimetric calibration standards has been presented in [10] .
The FPCS applies blackbody targets at ambient and nitrogen boiling temperatures, which has the following advantages: 1) generated temperature difference is large 200 K , which reduces error in extrapolating the calibration curve; 2) produced orthogonal and polarimetric brightness temperatures encompass the full range of expected earth scene temperatures; 3) calibration system is independent of auxiliary electrical power. However, the use of liquid nitrogen leads to water condensation in mechanical structures of the standard. Therefore, only corrosion-free materials were used.
The varied use of the Fully Polarimetric Radiometer for airborne, ground-based (e.g., rooftop), and laboratory measurements sets requirements for the versatility of the calibration standard. On the other hand, the number of calibration personnel is often limited in measurement campaigns and the personnel may be changed. As a consequence, in addition to calibration accuracy and cost, ergonomics was an important consideration in the design of the FPCS; ease of transport, ease of mobilization, and operation by a minimum number of personnel were set as design goals. The FPCS is designed to be modular, which enables the subsystems to be transported and carried individually. If necessary, a single person can move, prepare, and operate the standard; the total weight of the FPCS is 28 kg, with the heaviest subsystem weighing 15 kg. A photograph of the FPCS is presented in Fig. 2 . The calibration standard comprises four subsystems: hot target subsystem, cold target subsystem, phase retardation plate, and pedestal. Details of each of the subsystems are presented below.
A. Hot Target Subsystem
The hot target subsystem includes a blackbody target and a freestanding, polarization-splitting metal wire grid; both are housed in an aluminum cylinder 265 mm in diameter (Fig. 1) . The grid is fabricated from 100-m molybdenum wire, and it has a bandwidth far beyond that of the radiometer [13] . The grid is estimated to be an almost ideal polarizer up to 100 GHz; at 37.5 GHz, the transmittivity was measured to be over 99% with the electric field being perpendicular to the wire orientation [13] . To reduce temperature fluctuations, the aluminum cylinder is shrouded in a jacket made of extruded polyethylene. A microwave window is attached on the bottom of the cylinder.
The hot blackbody target is a sheet of 10-mm-thick microwave absorber attached to the inner surface of the aluminum cylinder. A relatively thin flat absorber was selected due to its more suitable mechanical and thermal characteristics compared to thicker convoluted absorbers, which are often preferred as microwave blackbody targets.
For practical reasons the temperature of the hot target is uncontrolled during calibration; closeness to the cold target leads to thermal gradients across the target and to temporal variations in the physical temperature. Therefore, the temperature of the hot target is continuously monitored using three precision platinum resistive temperature detectors embedded in the absorber. Connected to the temperature measurement system of the radiometer [8] , the measured physical temperatures are recorded and applied in postprocessing. Different weighting coefficients are assigned to individual temperature detectors to calculate a representative physical temperature of the hot target.
B. Cold Target Subsystem
The cold target subsystem consists of an aluminum container 300 mm in diameter and a highly absorbing, convoluted microwave absorber (Fig. 1) . The container is shrouded in an extruded polyethylene jacket, which provides thermal isolation. The absorber is cooled uniformly by embedding it in liquid nitrogen prior to calibration; the boiling temperature of nitrogen (77.4 K) gives an accurate estimate of the brightness temperature of the target [14] . After the temperature has been stabilized, the surplus nitrogen is removed, and the hot target subsystem is mounted inside the cold target subsystem; when combined, these two subsystems form a linearly polarized standard.
The condensation of moisture and the formation of ice in the blackbody/air interface are a potential error source when nitrogen-cooled blackbody targets are applied. The condensation can be prevented by keeping the blackbody target completely immersed in liquid nitrogen during calibration. This, however, can cause reflections due to impedance discontinuity at the air/nitrogen interface [15] . Furthermore, in our case, the immersing during calibration is not possible for practical reasons: The target is in 50 angles during calibration, as is illustrated in Fig. 1 . Therefore, the FPCS is equipped with a microwave window, which prevents the formation of ice onto the cold blackbody target. The window was cut from a sheet of low-loss extruded polyethylene and attached to the bottom of the aluminum cylinder of the hot target subsystem. The window is dimensioned to have the cold target tightly enclosed during calibration; the boil-off pressure of nitrogen gas keeps the enclosed space air-free, thus preventing the condensation of water. Another important function of the window is to reduce heat leak via convection and infrared radiation. The brightness temperature contribution of the microwave window was measured to be negligible at 36.5 GHz, far less than 0.1 K.
C. Retardation Plate
The retardation plate of the FPCS is a dielectric slab with parallel grooves machined on one face. The group velocities of transmitted electromagnetic waves parallel and perpendicular to the grooves are different, which generates a phase shift between the two polarizations [16] . The grooves of our plate were dimensioned using (1)- (3), based on [17] (1) (2) (3) where is the depth of the grooves; is applied frequency; is desired phase shift;
is the speed of light in free space; is the width of the ridges between the grooves; is the width of the grooves; and and are the real parts of the relative permittivities of bulk dielectric material and air, respectively.
The development of the FPCS retardation plate was a trade-off between several factors, e.g., mechanical and electrical properties in selecting the material, and generated reflection coefficients and phase shift in selecting the groove dimensions. Cross-linked polystyrene (generally known by its market name Rexolite) was selected as the material due to its superior machinability, low loss, and relatively high permittivity ( and at 36.5 GHz [18] ).
The theoretical power reflection of the plate is on the order of 0.4%, both in parallel with and perpendicular to the grooves. The theoretical phase shift is 37.0 , and the theoretical insertion loss is 1.011 0.05 dB and 1.008 0.03 dB in parallel with and perpendicular to the grooves, respectively. The calibration errors due to phase shift variations over the radiometer bandwidth, discussed in [10] , were calculated to remain negligible in this phase shift region.
In order to facilitate the use of the retardation plate, it is mounted in a plastic frame, which can be attached in front of the antenna with a high degree of precision. Two different alignments can be selected: firstly, with the plate grooves in parallel and secondly, with them perpendicular to the vertical polarization of the antenna, with the corresponding rotation angle values of and , respectively. A more comprehensive technical analysis of the fabricated retardation plate is presented in [19] .
D. Pedestal
The pedestal of the FPCS is a modified heavy-duty photographic tripod. During calibration the combination of hot and cold target subsystems, which equals the linearly polarized standard, is mounted on the pedestal using a three-arm clamping mechanism. An integrated pan-head enables a stepless rotation of the linearly polarized standard about the antenna polarization basis over ; the rotation angle is indicated precisely with a laser pointer.
III. CALIBRATION
A. Theoretical Background
The external calibration methods of microwave radiometers rely on the observations of precisely known brightness temperature scenes. Solving the relationship between the antenna temperature and the response of a (linear) radiometer enables the retrieval of the brightness temperature of any measured target. A comprehensive analysis of the calibration of fully polarimetric radiometers is presented in [10] ; a short overview of the theory is given in the following.
The relation between the antenna temperature of a fully polarimetric radiometer and its output response vector is manifested by a four-element offset vector and a 4 4-element gain matrix . The off-diagonal elements of represent interchannel crosstalk. Estimates of the unknown gain and offset elements can be determined via fully polarimetric calibration, which requires the generation of at least five linearly independent brightness temperature vectors. Redundant scenes can be applied to suppress random calibration uncertainties; in this case, the elements of the unknown gain-offset estimate matrix can be found using pseudoinversion, provided that the uncertainties in determining the brightness temperatures a priori are small enough, i.e., (4) where is an -size radiometer signal output matrix in calibration, and is the number of the applied brightness temperature scenes in calibration. Stokes vector matrix is a -size matrix containing the values of the generated brightness temperatures determined a priori, augmented with a unity column vector. In determining the brightness temperatures a priori, the following parameters are accounted for: the brightness temperatures of the hot and cold targets, the characteristics of the polarizing grid, the rotation angle of the linearly polarized target , and the phase shift , physical temperature , rotation angle , and losses ( and ) of the retardation plate.
B. Calibration Procedure
The human factor is often nonnegligible with manually operated calibration systems. As the use of a fully polarimetric calibration standard is somewhat more cumbersome than that of conventional blackbody targets, care must be taken. To avoid flaws, minimize susceptibility to operating personnel, and reduce temporal variations, a standardized calibration procedure is followed when using the FPCS.
The antenna of the radiometer is illuminated using three distinct rotation angles of the linearly polarized target: , , and
. Mounting the retardation plate in front of the antenna, the plate grooves in parallel with and perpendicular to the vertical polarization of the antenna at each of the three values of , six fully polarimetric calibration scenes are obtained. Three additional (tri-) polarimetric calibration scenes are generated when the retardation plate is removed from the RF path. These additional scenes can be used to determine the calibration parameters of the third Stokes parameter (except the cross-talk with the fourth Stokes parameter) with enhanced accuracy. Furthermore, comparing the tripolarimetric and fully polarimetric brightness temperature scenes allows the determination of the characteristics of the retardation plate. After the generation of the tripolarimetric calibration schemes at and , the antenna is illuminated with values of that deviate 2 and 4 from the original ones; these measurements are applied in postprocessing to calibrate with respect to antenna polarization basis. To control the possible brightness temperature increase of the cold target, the first calibration configuration is repeated at the end.
Conventional two-point calibrations are performed prior to and after the use of the FPCS with blackbody targets at ambient (hot target) and boiling nitrogen (cold target) temperatures. As the cold calibration is especially sensitive to flaws, the two-point calibration is repeated six times to improve reliability: three times prior to and three times after the use of the FPCS. Note that the calibration parameters of the vertical and horizontal channels of the Fully Polarimetric Radiometer can be defined by the conventional calibration using the a priori knowledge of the low polarization cross-talk of the orthogonal channels [8] .
The remaining unknown elements of the gain-offset matrix are determined using fully polarimetric calibration, which requires the generation of five linearly independent brightness temperature scenes [10] . We use, however, six fully polarimetric and two unpolarized scenes; the observation matrix in (4) is overdetermined, and the random calibration uncertainties are suppressed.
C. Accuracy
Calibration errors are of fundamental importance in considering the absolute accuracy of a radiometer. Provided that the calibration is performed carefully and no flaws exist, the calibration errors are mostly generated by inaccuracies in determining the brightness temperatures of calibration standards a priori.
Assuming that the receiver noise uncertainty is made negligible by sufficiently long integration times, the uncertainties in the scene Stokes vectors as a result of calibration uncertainties are [10] (5) where in a fully polarimetric case is an -size scene brightness matrix acquired during operation augmented with a unity column vector. The uncertainties of the gain estimate matrix and offset estimate vector are denoted by and , respectively. Matrix contains the Stokes vector uncertainties in calibration, and the elements are functions of uncertainties associated with individual calibration standard parameters. 
IV. CHARACTERISTICS OF THE STANDARD
A. Measurements
To verify the viability of the FPCS, several experiments were conducted to calibrate the Fully Polarimetric Radiometer. Fig. 3 illustrates the calibrated brightness temperature scenes that were generated by the FPCS during a sample calibration. To improve the clarity of the figure, the calibration of the rotation angle and the conventional calibrations are not presented. Considering that the calibration of requires 2 min in a nominal case, it can be concluded that the generation of the required fully polarimetric brightness temperature scenes can be accomplished within 10 min.
Several tests were carried out to define the characteristics of the FPCS; the results are summarized in Table I . In the tests it was noticed that the lowest brightness temperatures generated by the FPCS (vertical brightness temperature at and horizontal at ) have a warm bias compared to the brightness temperature of a conventional cold blackbody target. After various tests [19] , it was concluded that the biases are most probably generated by the nonidealities of the polarizing grid. Modeling the grid characteristics using the warm bias, however, gives somewhat deteriorated values compared to the nearly ideal values presented in [13] . A possible explanation is the relatively low physical temperature of the grid during calibration, which could lead to sacking of the wires; the frame of the grid is made of stainless steel, which has a considerably higher temperature coefficient than the molybdenum wires. This would also explain the different results at and . Another potential explanation for the sacking of the wires is the deterioration of the wire bonding. The weights assigned to the temperature sensors were estimated comparing the evolution of the radiometric responses with the data from the temperature sensors embedded into the hot load of the FPCS. The rotation angle was held constant during each measurement. An estimate for the ohmic losses of the grid was obtained comparing the measured brightness temperatures of the hot and cold targets with the physical temperatures determined a priori.
Using the radiometer as a reference instrument, the comparison of the tripolarimetric and fully polarimetric brightness temperature scenes enabled the definition of the characteristics of the phase retardation plate. The insertion loss of the plate, parallel and perpendicular to the grooves, was measured to be 1.0096 0.04 dB and 1.0073 0.03 dB , respectively, which are very close to the theoretical values presented in Section II-C. The high repeatability of the results-the standard deviations are 0.0009 and 0.0008 for the parallel and perpendicular case, respectively-indicates that the retardation plate is well matched at the applied frequency band. The phase shift of the plate was measured to be 35.3 , which deviates somewhat from the theoretical value of 37.0 . Possible explanations are machining tolerances and the uncertainties in estimating the dielectric constant of Rexolite. A small misalignment of 0.7 between the coordinate axes of the retardation plate and the antenna polarization basis was also identified in these measurements; this misalignment is accounted for in calculating a priori brightness temperature of the fourth Stokes parameter, which significantly improves the calibration accuracy. Note also that active methods, as described, for example, in [17] , could be applied to determine the characteristics of the retardation plate.
B. Error Analysis
The uncertainties associated with the fully polarimetric calibration generate errors in the retrieved brightness temperature.
To study the calibration errors when calibrating the Fully Polarimetric Radiometer with the FPCS, the uncertainties of the individual calibration standard parameters were studied. The individual uncertainties are summarized in Table II . Random and systematic uncertainty parameters are listed separately as the influence of the systematic uncertainties could be reduced a posteriori, as discussed in [10] .
The brightness temperature of the cold target of the FPCS is defined to be constant a priori; a drift is thus a potential (random) error source if not compensated for in postprocessing. As presented in Fig. 4 , the stability of the cold target was studied by measuring the evolution of the radiometric response as a function of time. The rotation angle was set to 0 to minimize the mixing of brightness temperatures. Note that the influence of the polarizing grid has been removed. To reduce the influence of the radiometer noise, the behavior is modeled using a third-order polynomial fit. Numerical estimates for the drift are given in Table I . It can be concluded that the drift is small 0.1 K over time periods required for a fully polarimetric calibration 10 min. Note that this measurement gives a somewhat conservative estimate for the stability; it has been observed that the rotation of the cold target subsystem during a calibration effectively reduces the temperature increase. Thus, the temperature increase can be neglected for time scales 10 min.
The random error in determining the brightness temperature of the hot load was studied in the same measurement described above. During the measurement the physical temperature of the hot target changed 18 K; Fig. 4 presents the difference between the measured brightness temperature and the brightness temperature determined a priori using the temperature sensor data and the predetermined sensor weights. The results indicate that using the temperature sensors the determination of the brightness temperature is feasible and fairly accurate; omitting an 0.4-K offset, the standard deviation of the difference is only 0.06 K, which is not significantly higher than the radiometric sensitivity of the data, 0.04 K. Increasing the number of temperature detectors and/or determining more accurately the weights of the temperature sensors would probably suppress the offset. Note, however, that the isolation of the orthogonal channels of the Fully Polarimetric Radiometer has been found to be 30 dB at minimum [8] , which can be used beneficially to improve calibration accuracy; the calibration coefficients of the orthogonal channels can now be retrieved using just the unpolarized calibration scenes. Furthermore, using conventional hot-cold calibration as a reference, this a priori knowledge of the radiometer characteristics (and the fact that the sum of orthogonal brightness temperatures is for all values of very close to the sum of the brightness temperatures of the hot and cold targets) makes it possible to estimate and (which include the influence of the polarizing grid; see [10] ) during tripolarimetric calibration configurations. The calibration coefficients of the third Stokes parameter, except the cross-talk between the two polarimetric channels, can therefore be determined without using the temperature sensor data and the reflection and transmission characteristics of the grid. Applying the temperature sensor data to compensate the temperature excursions of between the tripolarimetric and fully polarimetric calibration scenes, the calibration coefficients of the fourth Stokes parameter (and the remaining coefficient of the third parameter) can also be calibrated with enhanced accuracy. The uncertainty in compensating the temperature excursions of was set conservatively to 0.2 K.
To estimate the random uncertainties associated with the conventional calibrations, a series of 18 separate hot-cold calibrations were conducted. It was noticed that, compared to a single two-point calibration, the use of multiple calibrations suppressed the uncertainties significantly; 0.1-K random uncertainty seems to be achievable in laboratory conditions for both hot and cold calibrations if the calibration is repeated six times. In field conditions, however, the influence of wind, the sun, and other factors may increase the calibration uncertainties, and a random uncertainty of 0.15 K is probably a more realistic estimate.
The method used to determine the applied rotation angle in the vicinity of 0 and 90 was described in Section III-B; an accurate value of in the vicinity of 45 can be found by comparing the observed orthogonal brightness temperatures. During the processing of calibration data, the overdetermination of the -matrix in (4) makes it possible to enhance the accuracy to a predicted value of 0.1 . The random uncertainty of the rotation angle was measured to be 0.2 .
Systematic uncertainty in determining the physical temperature of the conventional hot blackbody target is largely defined by the accuracy of the thermometer. To determine the temperature in each of the six hot-cold calibrations, a hand-held electronic thermometer is applied; the electronic thermometer is in turn calibrated using a mercury thermometer as a reference standard. Taking into account the unknown temperature distribution of the hot target, the uncertainty is predicted to be 0.2 K. The physical temperature of the cold target is obtained a priori from the boiling temperature of nitrogen in the given atmospheric pressure. The estimation of the systematic uncertainty is nontrivial, though; we predict that a cold calibration-if done carefully-can provide the brightness temperature with a systematic uncertainty of 0.5 K.
The losses and the phase shift of the retardation plate were determined by comparing the results obtained by tripolarimetric and fully polarimetric calibration scenes. The uncertainties of the obtained values, which represent systematic errors for fully polarimetric calibrations, were defined as standard deviations of results from several measurements. The systematic uncertainties in determining the rotation angle and are predicted to be equal to random uncertainties (0.1 and 0.2 , respectively), and the uncertainty in determining the ohmic losses of the polarizing grid was set to 0.003.
C. Uncertainties in Wind Vector Measurements
One promising application of the polarimetric microwave radiometers is the determination of maritime wind vectors (e.g., see [2] - [5] ). The applicability of our system for wind vector retrieval was also studied as described in [10] ; calibration uncertainties were studied for a simulated oceanic brightness temperature scene assuming a 53 incidence angle, a sea surface temperature of 4.6 C, and wind speed of 5 ms . It is further assumed that both tripolarimetric and fully polarimetric calibration scenes are applied in calibration and the a priori knowledge of the radiometer characteristics, discussed earlier, is used. Both random and systematic uncertainties of the FPCS, presented in Table II , were considered, as well as the uncertainties of the radiometer parameters that were estimated a priori ( 30 dB [8] ).
The estimated total errors in the sample wind vector measurement are 0.4 and 0.6 K for and , respectively, and 0.4 and 0.8 K for and , respectively. These estimates are also in line with experimental results presented in [8] . Note, however, that the calibration errors caused by systematic uncertainties can be compensated for a posteriori at least in part [10] . Considering only the random parameter uncertainties of the FPCS, the estimated generated measurement error is 0.1 K for orthogonal polarizations and 0.3 and 0.5 K for and , respectively. In both cases, the most significant error sources are the inaccuracies in determining the brightness temperatures of the unpolarized targets and in determining the rotation angles and of the FPCS. For systematic uncertainties, the inaccuracies in determining the radiometer characteristics a priori are also significant.
According to [20] , the sensitivity of the vertical brightness temperature to wind speed is 1.6 Km s or higher. The estimated random and systematic uncertainties of the FPCS parameters thus suggest a wind speed measurement inaccuracy of 0.25 ms . Compensating for the systematic uncertainties or using in situ reference data can potentially improve the accuracy further.
As is discussed in [10] , the high accuracy in pixel-to-pixel wind direction retrieval requires an extremely high absolute calibration accuracy of : for a wind speed of 10 ms , for example, an inaccuracy of 20 would require an absolute calibration accuracy of 0.24 K at 37 GHz. This threshold, however, can be relaxed using the whole Stokes vector for determining the wind direction. Furthermore, additional methods can be applied to improve the wind direction retrieval, e.g., circle flights [3] : the averaged value of and over all relative wind directions should be zero, and the residual bias terms can be removed. Another option is cross-calibration with other instruments.
V. CONCLUSION
This paper describes the Helsinki University of Technology's Fully Polarimetric Calibration Standard, which is a passive structure that provides a set of precisely known fully polarimetric brightness temperature scenes for the end-to-end calibration of the HUT Fully Polarimetric Radiometer [8] . The radiometer operates at 36.5 GHz, and it is designed primarily for airborne earth remote sensing. However, laboratory and ground-based measurements are also foreseen; the FPCS was thus designed for versatile operation in the laboratory, airport, and other field conditions (e.g., on rooftops). The functional and ergonomic requirements were met using a modular structure, which allowed the combination of high calibration accuracy with easy transport, mobilization, and operation; a single operator can take care of the whole calibration process, if necessary. The developed calibration standard is based on a tripolarimetric standard, the function principle of which was described in [12] , with an additional phase retardation plate to generate the fourth Stokes parameter.
The function of the FPCS and the applicability of the calibration procedure are demonstrated. As the retardation plate is easily attached and detached, an advanced calibration procedure with the generation of both tripolarimetric and fully polarimetric brightness temperature scenes can be applied to suppress calibration uncertainties. It was demonstrated that the procedure also enables the accurate determination of retardation plate characteristics.
A variety of laboratory tests were performed to define the characteristics of the FPCS and the associated uncertainties. The influence of the calibration errors in a potential wind vector measurement was also analyzed. Calibrating the Fully Polarimetric Radiometer with the developed standard, the estimated absolute accuracy of the measured Stokes vector is very high; to the authors' knowledge, these values are the best reported so far for a fully polarimetric calibration standard. The calibration accuracy presented here allows the retrieval of the wind speed with high accuracy and the retrieval of the wind direction with moderate accuracy. To enhance the accuracy of the wind direction retrieval, additional calibration methods (e.g., circle flights [3] ) can be considered.
The described standard was developed to determine the calibration coefficients of a fully polarimetric radiometer. However, tripolarimetric radiometers (that measure only three Stokes parameter) would also benefit from the determination of the phase balance between orthogonal channels, which cannot be performed using a tripolarimetric calibration standard; the imperfect phase balance leads to mixing of the third and fourth Stokes parameters if it is not compensated for in software. A potential application of the FPCS is also the determination of the channel cross-talk of conventional radiometers, which can lead to measurement error on targets with distinct brightness temperatures at vertical and horizontal polarizations, such as water. Furthermore, the developed standard generates adjustable brightness temperatures and can be applied to measure the nonlinearity of a receiver by generating multiple reference brightness temperatures and using them as calibration points. The measurement of this nonlinearity is an indirect but potentially useful application of the developed standard; the receiver nonlinearity can be up to some Kelvin [21] but is frequently overlooked as an error source in a conventional two-blackbody calibration scheme. As the FPCS applies integrated blackbody targets at ambient and boiling nitrogen temperatures, the generated Stokes vectors allow the measurement of the receiver linearity practically over the whole range of terrestrial brightness temperatures.
